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A R T I C L E I N F O A B S T R A C T
Available online 1 April 2011 Schistosomes are blood dwelling platyhelminths with a complex life cycle and persist in the
definitive host during decades, indicating that they are very successful parasites. The
challenge of infecting two hosts from different evolutionary branches, namely an
invertebrate snail and a vertebrate, suggests that Schistosomes must display a very
sophisticated genetic program to circumvent all the barriers imposed by the hosts' immune
systems. Recent large-scale genome and transcriptome data from Schistosomes are
facilitating the analysis of gene structure and splicing. Studying the structure of genes
coding for secreted proteins is of particular interest since these proteins mediate processes
in the host–parasite interface. Recent description of Micro-Exon Genes (MEGs), polymorphic
mucin genes (SmPoMucs) and venom allergen-like (SmVALs) proteins with unusual gene
structure apparently oriented towards generation of protein variability through alternate
splicing, and the presence of multiple copies of these genes, indicate that the parasite
developed a sophisticated system to interact with its hosts. This opens up opportunities for
further studies with the use of proteomic techniques to better characterize the protein
variability created by these systems and their role in parasite survival. Complete description
of the functions of these variable proteins will greatly contribute to our understanding of
host–parasite interactions.
© 2011 Elsevier B.V. All rights reserved.
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1. Study of the schistosome genome
and transcriptome
After finishing of the human genome sequencing ~24,000
protein-coding genes were detected [1], representing just ~1.8-
times the number of genes from simpler organisms such as fly
and worm. In contrast, it was verified that on average each
human gene produced ~1.5 transcripts as a result of alternate
splicing, originating a larger number of proteins per gene in
comparison to those of simpler organisms [2]. This highlighted
the importance of gene structure and its creative usage by
alternate splicing as a mechanism to generate diversity/
polymorphism in living organisms. In fact, alternative splicing
is ubiquitous in eukaryotes, with a higher frequency in
vertebrates in relation to invertebrates [3].
Study of gene structure and alternative splicing in schisto-
somes have been limited by the lack of a large collection of
genomic sequences. A pioneering effort of construction of a
Schistosoma mansoni bacterial artificial chromosome library has
been made in the early 00's [4], but the limited number of
sequences generated from this library remained insufficient for
a large scale evaluation of schistosome gene structure. Tran-
script sequence data has also been produced through several
EST sequencing efforts [5–10] in the late 90's and early 00's
whichwere able to produce few tens of thousandsESTs. Despite
these difficulties some interesting data about peculiarities in
schistosome gene structure has been published. This includes
the description of very small introns ranging from 31–42 bp in
the hypoxanthine–guanine phosphoribosyltransferase gene
[11] and in SmIMP25 Integral Membrane-Protein [12]. Also of
interest, the existence of trans-spliced genes [13] in S. mansoni
has been described. Trans-spliced events detected in S. mansoni
resulted in the addition of a spliced leader in a small fraction of
the parasite's RNAs. No bias towards trans-splicing of any
particular class of gene or in any parasite tissue was detected
[13].
Recent sequencing of the genome from two different species
of Schistosomes, S. mansoni [14] and S. japonicum [15], in
conjunction with gene expression information obtained by
large scale transcriptome sequencing of S. mansoni [16] and
S. japonicum [17], provided for the first time the possibility to
describe the structure ofmost genes from the two parasites. It is
important to note, however, that both genome and transcrip-
tomedata in these projects are partial and several genes are still
incompletely described or wrongly predicted. With the recent
advance of sequencing technologies [18], it is expected that we
will soon have a considerable increase in the amount of
sequencing data for Schistosomes, permitting a more accurate
description of their genes.
2. Alternative splicing of transcripts coding for
proteins regulating transcription or splicing
With the use of genomic data, some studies correlated
alternative splicing with different aspects of Schistosome
biology. This has permitted researchers to obtain hints of the
molecular mechanisms underneath important processes.
Alternative splicing in transcripts coding for proteins involved
in control of transcription and splicing is a subject of particular
interest, since a change in these processesmay impact several
transcripts, thus producing a cascade effect that may be
responsible for drastic changes in the parasite.
Using the genome sequence and transcript data from semi-
quantitative RT-PCR, a gender biased differential alternative
splicing of the SmCA150 gene in S. mansoniwas described [19].
CA150 is a transcriptional cofactor that has been shown in
model organisms to interact with the spliceosome and
influence the alternative splicing of genes in vitro. The
observed alternative splicing of SmCA150 could create a
cascade effect that may be responsible for the differences in
splicing of several other genes between male and female [19].
Other interesting works have studied the generation of
alternatively spliced messages for transcription factor genes,
namely a heat-shock transcription factor of S. mansoni [20] and
a homologue of epidermal growth factor receptor [21]. In the
first case, it was possible to detect an alternative splicing that
produced a truncated form that was more prevalent in
cercariae than in adult worm. This was correlated with the
higher expression of HSP-70 in adults in comparison to
cercariae [20]. In the latter case, an alternative promoter site
was detected generating two different transcripts, one with an
additional exon. However, such differences in sequence did
not generate a difference in the coding region, and further
studies are required to evaluate the impact of the different
UTRs on stability of the messages [21].
3. Structure and splicing of genes coding for
secreted proteins
Interestingly, some recent publications focused on the struc-
tures of S. mansoni genes coding for protein products that are
secreted by the parasite. As we will review below, some of
these works describe quite unusual gene structures, suggest-
ing that these parasites must have developed sophisticated
genetic systems to interact with their hosts.
One remarkable example of a unique gene structure
described with information from genome and transcriptome
data from S. mansoni is the Micro-Exon Genes (MEGs) [22]. MEGs
are genes that have the majority of their coding region
composed of very small (≤36 bp) and symmetrical exons. The
design of this system permits alternate splicing of these exons
in amanner that the addition/removal of exons will not disrupt
the reading frame because of the symmetry of the exons and
will generate transcripts coding for proteinswith difference in a
fewaminoacids [14,22]. SomeMEGsdisplay several copies in the
genome, which increases the potential variability.
Micro-exons have been detected in a number of model
organisms (Arabdopsis thaliana, Caenorhabditis elegans and
Drosophila melanogaster) and in humans [23] however, all
examples involve one single micro-exon per gene [23]. No
genes with several micro-exons organized in tandem were
ever described outside the Schistosoma genera. This implies
that suchMEGs have been recently created andmay represent
an adaptation to the parasitic lifestyles of Schistosomes.
MEGs code for proteins with signal peptide and several of
their protein products have been detected in secretions or
immuno-localized in schistosome glands [22]. Moreover, their
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transcription is increased in the intra-mammalian stages of
their life cycle [22]. This data indicates that such proteins are
being directly exposed to the host and its immune system.
RT-PCR experiments confirmed that MEGs produce alterna-
tively spliced transcripts. 2D electrophoresis of schistosomula
and egg secretions revealed several spots representing proteins
of different PI and molecular weight, andmass spectrometry of
the tryptic digestion from these spots identified them as
products of MEG-2 and MEG-3 [22]. Although a 2D electropho-
resis clearly shows very distinct proteins, the peptides detected
by mass spectrometry were encoded by adjacent micro-exons
with no examples of exon skipping. This was interpreted as
resulting from the fact that each spot must represent a mixture
of several slightly different isoforms and the peptides from
adjacent exonsmustpredominate in thepool of tryptic peptides
[22]. If thiswere the case, only the utilization ofmultiple protein
separation methods and proteomic analyses of the resulting
tryptic peptides would improve the resolution of the process,
and allow the detection of the more rare peptides that would
confirm the utilization of alternatively spliced micro-exons for
generation of different protein variants.
Another set of genes that code for secreted proteins and
display an unusual gene structure is that of polymorphic
mucins (SmPoMucs). They are a multi-gene family with all
members (~10) displaying a structure with tandem repeats
(ranging from 0 to 20 repeats) of one 27 bp exon near its 5' end
[24]. Apparently, during their evolution these 4 different sub-
families suffereda recombinationbetween themselvesallowing
mosaic genes creation and contributing to a higher variability.
Events of alternative splicing and trans-splicing between
transcripts of two subfamilies contributed to generate an even
highervariability ofmessages, creatinga scenariodefinedby the
authors as a “controlled chaos” [24]. 2D electrophoresis exper-
iments with sporocytes protein extract showed groupings of
spots with slightly different isoelectric point and molecular
weight, identified as SmPoMucs by mass spectrometry [24,25],
indicating that thevariability observed in the transcripts resulted
in the production of different proteins, as expected. In addition,
these SmPoMucs are glycosylated in their O-Glycosylation sites
and the alterations in their sequences as a result of splicing
appear to affect their glycosylation patterns.
It is interesting to note that both MEGs and SmPoMucs have
different complex genetic systems to produce protein variation,
including the alternative splicing of small exons. However, for
SmPoMucs most of the variation due to alternative splicing is
restricted to the region containing the tandem repeats, while in
MEGs the small exons cover almost the entire coding region,
makingmost of the protein susceptible to variation. Also, MEGs
appear to be mainly expressed in the intra-mammalian stages
while SmPoMucs are predominant in the stages in contact with
the invertebrate host. SmPoMucs have several O-glycosylation
siteson their structures, in contrast only a fewMEGsdisplay this
kind of glycosylation site. The immune systems fromvertebrate
and invertebrate hosts are very different, making it likely that
distinct strategies must be employed to circumvent them. In
this respect, Moné et al. [26] have shown that a specific set of
highly variable immune receptors (FREP3, Fibrinogen Related
Proteins) of the mollusk Biomphalaria glabrata formed immune
complexes with highly polymorphic and individually variable
mucin determinants from its specific trematode parasite
S. mansoni (the SmPoMucs). Furthermore, recent results
obtained by Hanington et al. [27] show that FREP3 plays a
central role in the resistance of B. glabrata to infection with
S. mansoni, thus supporting that S. mansoni polymorphic
secreted proteins, such as SmPoMucs, can play a key role in
host–parasite interplay.
Another interesting class of secreted proteins for which
alternative splicing appears to have an important role in
creating different protein isoforms is the S. mansoni venom
allergen-like (SmVAL) gene family. This family was first
described during investigation of the S. mansoni transcriptome
due to its similarity towasp venomallergen [16]. Further studies
of such family were conducted by Chalmer et al. [28], who
described the organization of such genes in clusters and their
expression patterns throughout the parasite life cycle. Although
gene structures of most SmVAL are unremarkable, one of its
members, namely SmVAL6, has a very unusual structure. The
first four gene exons have a usual size (average 115 bp) and code
for the SCP/TAPS domain, which is present in all members of
this family. The rest of SmVAL6, however, is constitutedmostly
by several small symmetrical exons [28]. This makes the
structure pattern in this portion of SmVAL6 identical to that
described for MEGs. In fact, we propose that, since it does not
display a similarity to other SmVAL, this portionmust represent
a late acquisition of SmVAL6. Considering that the structure
pattern is virtually identical to those observed inMEGs, themost
likely event that generated thisgene isa recombinationbetween
theancestral of SmVAL6 that contained only the first four exons
with a MEG, creating a composite structure. Furthermore both
MEGs and VALs are secreted proteins; it is expected that both
portions of the SmVAL6 protein have the potential to interact
with the human host, and a possible synergistic action from
both proteins may explain why this mosaic gene was fixed in
S. mansoni. Interestingly, analysis of SmVAL6 transcripts by
Chalmers et al. [28] has identified alternative splicing of many
small exons within the 3' region, resulting in as many as 35
isoforms. In addition, statistically significant, developmentally
regulated, alternative splicing of two of these exons was
observed [28]. We propose that experiments such as pull-
down immuno-precipitation of SmVAL6 proteins under non-
denaturing conditionscombinedwithmass-spectrometrycould
identify specific and diverse interacting partners of such
different protein variants.
4. Conclusions
Although the importance of alternative splicing in genetic
programming of the organisms is being recognized, its study
in Schistosomes is still incipient with a few studies on selected
genes. Nonetheless, some interesting findings have been
reported. The existence of exotic and unique gene structures
apparently aimed to generate secreted protein variability is of
special interest. The fact that these systems produce proteins
that are being secreted to enter in contactwith thehost and that
they are apparently exclusive from Schistosomes make us
believe that they essentially represent adaptation to the
parasitic life style. This opens up the opportunity of further
studies to better characterize protein variation created by these
systemswith theuse of proteomic techniques andother studies
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aiming to determine the function of these proteins in the
interaction of the parasite with the host.
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